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ABSTRACT
Telomeric regions of the genome are inherently
difficult-to-replicate due to their propensity to gen-
erate DNA secondary structures and form nucleo-
protein complexes that can impede DNA replication
fork progression. Precisely how cells respond to DNA
replication stalling within a telomere remains poorly
characterized, largely due to the methodological diffi-
culties in analysing defined stalling events in molec-
ular detail. Here, we utilized a site-specific DNA repli-
cation barrier mediated by the ‘Tus/Ter’ system to de-
fine the consequences of DNA replication perturba-
tion within a single telomeric locus. Through molec-
ular genetic analysis of this defined fork-stalling
event, coupled with the use of a genome-wide ge-
netic screen, we identified an important role for the
SUMO-like domain protein, Esc2, in limiting genome
rearrangements at a telomere. Moreover, we showed
that these rearrangements are driven by the com-
bined action of the Mph1 helicase and the homolo-
gous recombination machinery. Our findings demon-
strate that chromosomal context influences cellular
responses to a stalled replication fork and reveal pro-
tective factors that are required at telomeric loci to
limit DNA replication stress-induced chromosomal
instability.
INTRODUCTION
Every time a cell divides, it must accurately duplicate all of
its genetic material via the process of DNA replication. Er-
rors or unscheduled delays in DNA replication can cause
growth arrest, mitotic abnormalities and the acquisition of
harmful mutations that potentially can promote cancer or
premature aging (1,2). Certain regions of the genome are
particularly challenging to replicate, including telomeres,
the protective structures that cap the ends of all linear eu-
karyotic chromosomes. Telomeric regions have a propen-
sity to form obstacles that can impede the progression of
the DNA replication machinery (3). These obstacles in-
clude DNA secondary structures and repetitive elements,
telomere-specific DNA-binding proteins, and active tran-
scription of a non-coding RNA (TERRA; (4,5)). Disrupted
fork progression at any locus generates so-called DNA
replication stress, which in the case of a telomere can con-
tribute to genomic rearrangements or loss of telomere se-
quences (telomere shortening) (6). Irreversible fork collapse
in a telomere is particularly detrimental because the dis-
rupted fork cannot be rescued by a second fork originating
from an adjacent replication origin. Once telomeres become
critically short or dysfunctional, they cause cells to cease di-
viding and enter a viable, non-dividing cellular state known
as senescence (7). Because telomeres shorten as a result of
genome duplication during cell proliferation, this is consid-
ered to be an effective anti-cancer mechanism that limits the
number of times that a somatic cell can divide. However, the
progressive accumulation of senescent cells within tissues
is thought to contribute to the inevitable decline in tissue
function during normal aging (8,9). Furthermore, cancer
cells eventually reprogram their cellular networks to coun-
teract telomere shortening and restore proliferative capac-
ity (10). This occurs either through reactivation of telom-
erase (∼85% of cancers), or via the poorly characterized Al-
ternative Lengthening of Telomeres (ALT) mechanism that
requires the homologous recombination (HR) machinery
(∼15% of cancers) (11,12). Therefore, stable telomere main-
tenance is inexorably linked to cancer and aging. However,
much still remains to be defined about telomere replication
and dynamics in normal dividing cells.
To better understand the molecular events occurring at a
stalled replication fork, we developed an inducible, heterol-
ogous DNA replication barrier (the ‘Tus/Ter barrier’) that
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permits the detailed spatiotemporal analysis of site-specific
replication fork stalling at a defined location (13,14). This
replication fork barrier can be co-engineered with a URA3
genetic reporter that allows detection of localizedmutations
and genome rearrangements that arise after the Tus/Ter
barrier is activated. Previously, we used the Tus/Ter system
to demonstrate that stalled replication forks can generate lo-
calized deletions and duplications at a non-telomeric locus
(15). Furthermore, we demonstrated that Sgs1, a member
of the evolutionarily conserved RecQ helicase family, coun-
teracts the generation of these genome rearrangements. Of
relevance to human pathology, mutations that inactivate ei-
ther of two human RecQ helicases, BLM or WRN, cause
Bloom’s syndrome and Werner’s syndrome, respectively,
which are characterized by cancer predisposition, and pre-
mature aging (16).
In this study, we examined the consequences of site-
specific replication fork stalling at a defined telomere. We
demonstrate that replication fork stalling within a telom-
eric locus can promote chromosomal rearrangements that
frequently lead to the loss of telomere-proximal DNA se-
quences. We show that the SUMO-like domain protein,
Esc2, counteracts these genome rearrangements in telom-
eric regions through a mechanism that prevents aberrant,
Mph1-driven, HR events. Our findings demonstrate that
chromosomal context can lead to differential outcomes at a
perturbed replication fork, and reveal proteins that operate
at telomeric regions to limit chromosomal rearrangements
following DNA replication stress.
MATERIALS AND METHODS
Strains and plasmids
The Tus-expression plasmids were described previously
(17). All yeast strains used in this study (except for
those used for high-throughput genetic screen) are isogenic
derivatives of BY4741, which lack a 1.1 kb segment of the
URA3 gene on ChrV. The 21xTer modules and Open read-
ing frame (ORF) deletion cassettes were all integrated into
the yeast genome by targeted HR (17).
Growth conditions and flow cytometry
Yeast cultures were grown in Yeast extract peptone (YEP)
medium (Formedium) supplemented with 3% sodium DL-
lactate solution at 30◦C. Cultures were synchronized in G1
with -factor for 2.5 h (CASLO ApS). Tus expression was
induced by adding 2% Galactose (final w/vol) during the
G1-arrest. Release of cells from G1-arrest was achieved by
centrifugation, washing and re-suspension of cells in fresh
galactose-containing medium at 30◦C. Cell-cycle stage was
determined by flow cytometry using a Becton-Dickinson
FACsCalibur and CellQuest software (BD Biosciences,
Denmark).
High-throughput genetic screen
21xTer construct including URA3 reporter was engineered
into TEL06R of theMAT screen query strain as described
above. Tus, under the control of the GAL1 promoter, was
engineered into the endogenous URA3 locus on chromo-
some V of the same strain. The query strain was crossed
with the MATa yeast gene deletion strains (18,19). Selec-
tion for diploids was carried out on solid YPD contain-
ing 300 mg/L hygromycin and 200 mg/L G418. Resulting
diploids were sporulated on solid E-SPO containing 10 000
units/mL of penicillin and 10 000 g/mL of streptomycin
(Gibco by Life Technologies, cat. no. 15140-122). Hap-
loids were selected for via multiple rounds of replica plating
onto solid SC-Leu-Ura-Arg-Lys containing 50 mg/L cana-
vanine, 50 mg/L thialysine, 300 mg/L hygromycin and 200
mg/L G418. MATa meiotic progeny containing the desired
ORF deletion, TEL06R::URA3-21xTer and ura3::GAL1-
Tus-HPH were subjected to expression of Tus followed by
selection for 5-FOA resistance (750 mg/L). Replica plating
was done using the Rotor HDA from Springer Instruments.
Following manual scoring, hits were re-tested in cells with
either restrictive or permissive Ter sites. Validated hits were
then constructed in BY4741 background for further analy-
sis.
Genotypes of the library and query strains are as follows:
Library genotype: MATa orfΔ::kanMX4 his3Δ1 leu2Δ0
met15Δ0 ura3Δ0 TRP1 CAN1 LYS2 ADE2
Query strain genotype: MAT can1Δ::STE2pr-LEU2
lyp1Δ his3Δ1 leu2Δ0 ura3::GAL1-Tus-HPH LYS2
MET15 TEL06R::URA3-21xTer
Analysis of mutation rates and types
Individual colonies picked from 2% raffinose (w/vol) plates
were grown to saturation in non-selective medium contain-
ing 2% galactose (w/vol) at 25◦C, and URA3 and CAN1
mutation rates were measured using fluctuation analysis
(20,21). For WT and esc2, rates from all experiments have
been combined to a single rate, which is used in all plots and
for all statistical comparisons. Statistical analysis of differ-
ences in mutation rates between isogenic strains was per-
formed with PRISM software, using a one-sided Mann–
Whitney U test, and statistical significance was indicated
when P < 0.01. For charts displaying ‘Tus-induced fold in-
crease in 5-FOA resistance, (fold increase in 5-FOA resis-
tance or fold increase in URA3 mutation rate), the fold in-
crease was determined for individual experiments, and bars
represent values averaged across all experiments. Error bars
represent the standard deviation, and statistical analysis of
differences was performed using an unpaired t-test. Statis-
tical significance was indicated when P < 0.05. For charts
displaying ‘normalized URA3 mutation rates’, the normal-
izedURA3mutation rates (control rate subtracted fromTus
rate) were determined for individual experiments, and bars
represent values averaged across all experiments. Error bars
represent the standard deviation, and statistical analysis of
differences was performed using an unpaired t-test. Statis-
tical significance was indicated when P < 0.05. For anal-
ysis of mutation types, cells grown on 2% raffinose plates
were pinned onto non-selective plates containing 2% galac-
tose. Plates were incubated at 25◦C for 4 days, and then
replica plated onto plates containing uracil and 5-flouro-
orotic acid (5-FOA). Individual colonies were confirmed
as being 5-FOA resistant before further analysis. For re-
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striction digest analysis, DNA was extracted, digested with
AfeI, SalI and EcoNI (from NEB), and analysed by 1-
dimensional gel electrophoresis (1DGE). Restriction frag-
ments were visualized by Southern blotting with probes
spanning the EcoNI restriction site (Probe 1) or the SalI
restriction site (Probe 2) as indicated in Figure 4A. Telom-
ere tailing was performed using terminal transferase en-
zyme, as recommended by the supplier (NEB), before poly-
merase chain reactionwith polyG and chromosome-specific
primers. The URA3 reporter was then sequenced using two
different primers.Mutations were scored as events that were
detectable in two sequence reads. Specific mutation rates
were calculated by multiplying the fraction of a given mu-
tation type with the mutation rate for the given strain.
2D gel analysis of DNA structures
Cell pellets were subjected to PUVA-crosslinking before
DNA extraction. The hexadecyltrimethylammonium bro-
midemethod of DNA extraction was used, and 25gDNA
was analysed by 2-dimension gel electrophoresis (2DGE),
as described previously (17). DNA was digested with NheI
or BspHI for visualization of TEL06R fragments and MfeI
for his2 fragments (as indicated in figure legends). All re-
striction enzymes were from NEB.URA3 and/or TEL06R-
specific probes were used for Southern blotting. Quantity-
One software was used for quantification of signals in the
2D gels.
RESULTS
Replication fork stalling at a telomeric Tus/Ter barrier gen-
erates localized mutations
To investigate how chromosomal location influences the
processing of a stalled replication fork, we inserted aURA3-
21xTer cassette into either of two defined locations on
ChrVI (Figure 1A). To perturbDNA replication at a telom-
eric region, we engineered URA3-21xTer into the sub-
telomeric X-element of TEL06R. Most of the X-element
(including the ARS610 replication origin) was deleted, ex-
cept for the terminal 56-bp. Because this locus is normally
replicated at the final stages of S-phase, and there are no
other telomere-proximal DNA replication origins beyond
the Tus/Ter barrier that can rescue a stalled fork, this sce-
nario is envisaged to be a particularly challenging type of
site-specific DNA replication perturbation. Moreover, cer-
tain types of genomic rearrangements that would be lethal
within chromosomal loci containing essential genes can po-
tentially be recovered and analysed at a telomere. This is
because of the lack of essential genes near the ChrVI right
telomeric end, as well as the ability of telomerase to ‘heal’ a
broken chromosome end through de novo telomere addition
(22). As a control for a non-telomeric locus, we engineered
an identical URA3-21xTus/Ter barrier into theHIS2 locus
on ChrVI (Figure 1A). Replication of a significant fraction
of the right arm of ChrVI, including HIS2 and TEL06R,
generally originates fromARS607 (23,24), and therefore the
his2 and TEL06R Tus/Ter barriers will usually be encoun-
tered by replication forks that derive from this origin. How-
ever, the timing of Tus-induced replication fork arrest would
be expected to occur much later in S-phase in the strain
with the TEL06R barrier. To ensure that induction of Tus
leads to replication fork stalling at TEL06R, we performed
2DGE. This technique permits the detection of different
types of DNA replication intermediates arising within a de-
fined restriction fragment (25). We observed robust replica-
tion fork stalling in cells expressing Tus, but not in those
lacking Tus (Figure 1B). These data indicate that the Ter
sites alone do not lead to any detectable replication fork
stalling, and that any replication perturbation arising due to
fork stalling within the natural telomeric repeat sequences is
relatively mild in comparison with that seen at the Tus/Ter
barrier.
Previously, we reported that the his2::URA3-14xTus/Ter
cassette could trigger distinct types of localized mutations
in URA3 (which confer resistance to 5-fluoro-orotic acid;
5-FOA) and that the Tus/Ter-inducedURA3mutation rate
was elevated ∼7-fold when the SGS1 gene was deleted (15).
We therefore compared URA3 mutation rates for the his2
(non-telomeric region) and TEL06R Tus/Ter barriers in
wild-type (WT) and sgs1 mutants. Following induction of
the his2 21xTus/Ter barrier, the URA3 mutation rate was
increased 2.3-fold in WT cells, and 19-fold in sgs1mutants,
as compared to the isogenic empty vector control (Figure
1C, left). Induction of the TEL06R Tus/Ter barrier caused
an apparently higher rate of mutagenesis in each case (Fig-
ure 1C, right). Nevertheless, at both locations, loss of Sgs1
led to a consistent (∼8-fold) increase in the rate of Tus/Ter-
inducedURA3mutagenesis over that observed in WT cells.
It should be noted that neither WT nor sgs1mutant strains
harbouring a his2 orTEL06RTus/Ter barrier exhibited any
obvious growth defects when Tus protein expression was in-
duced.
To verify that the TEL06R phenotypes were due to repli-
cation fork stalling at Tus/Ter, we compared the effects of
reversing the orientation of the 21xTermodule such that the
Tus/Ter barrier, which we demonstrated previously to act in
a polar manner (15), was in the ‘permissive’ (non-arresting)
configuration. In this scenario, there was no detectable in-
crease in 5-FOA resistant colonies (Supplementary Figure
S1A and B), confirming that the Tus-dependentURA3mu-
tagenesis is due to replication fork stalling. We also con-
firmed that spontaneous mutation rates at the unrelated
CAN1 locus on chromosomeVwere similar inWT and sgs1
strains, irrespective of the location and status (i.e. on/off)
of the Tus/Ter barrier (Figure 1D). It appears, therefore,
that stalled replication forks at TEL06R result in a higher
mutation rate than at a non-telomeric location, suggesting
that the telomeric locus and/or the late timing of DNA
replication might potentiate Tus/Ter-induced mutagenesis.
Furthermore, loss of Sgs1 generates Tus-inducedmutagenic
events at both telomeric and non-telomeric loci, consistent
with Sgs1 having a genome-wide role in limiting genomic
alterations following replication fork stalling.
Esc2 counteracts mutagenic events at a telomeric stalled fork
To identify factors that are important for responding to
DNA replication stress in a telomeric region, we performed
a high-throughput genetic screen to identify deletion mu-
tants that exhibit an increase in URA3 mutagenesis at the
TEL06R Tus/Ter barrier (see ‘Materials andMethods’ sec-
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Figure 1. Site-specific replication fork stalling at Tus/Ter barriers causes localized mutagenesis. (A) Schematic diagram showing ChrVI and the position
where the 21xTus/Ter barrier (incl. URA3 reporter gene) was inserted at either his2 or TEL06R (not drawn to scale). The red and green segments of Tus
denote the restrictive and permissive faces, respectively. (B) Expression of Tus causes replication fork stalling at the TEL06R Tus/Ter barrier. Top panel
depicts a diagram illustrating replication intermediates that can be visualized by 2DGE and Southern blotting. Genomic DNA was extracted at 75′ after
G1 release, and BspHI-telomere fragments were analysed by 2DGE and Southern blotting using a URA3-specific probe. The white arrowhead indicates
replication fork stalling at the Tus/Ter barrier in the cells expressing Tus. Cell cycle profiles are shown below. (C)URA3 and (D)CAN1mutation rates were
measured simultaneously for strains harbouring 21xTus/Ter at either his2 or TEL06R. Error bars indicate 95% confidence limits, and the numerical values
above the columns indicate the fold increase in mutation rate between isogenic strains with (grey) or without (blue) Tus expression. Statistical analysis of
differences in mutation rates was performed using a one-sidedMann–Whitney U test, and significance is indicated only when P< 0.01 (**P< 0.01; ****P
< 0.0001). ns = difference not statistically significant.
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tion; Figure 2A and Supplementary Figure S1C). Positive
hits from the screen (which we evaluated as potentially
relevant to replication stress responses or telomeres) were
then tested in the isogenic strain background harbouring
a ‘permissive’ Tus/Ter cassette to define whether the ob-
served URA3 mutagenesis was dependent on replication
fork stalling at Tus/Ter, or simply due to increased sponta-
neousURA3mutagenesis. We identified six initial hits from
the screen that fulfilled these criteria (sgs1, esc2, rad5, ioc3,
rsc1 and nup84; an example of a typical plate from the screen
is shown in Supplementary Figure S1D). Of note, Esc2 is
an evolutionarily conserved ‘RENi’ family protein (26) that
is implicated in the DNA replication stress response, HR
repair, and in regulating telomeric chromatin architecture
(27–31). For this reason, we primarily focused our efforts
on characterizing the role of Esc2 at a stalled fork within a
telomeric locus.
We first confirmed that expression of Tus did not alter
theCAN1mutation rate in the esc2mutant (Supplementary
Figure S1E). We then confirmed that loss of Esc2 caused
an increased frequency of 5-FOA resistant colonies when
the TEL06R Tus/Ter barrier was induced (Figure 2B, up-
per panel; Supplementary Figure S1F), and that this was
dependent on the Ter sites being in the ‘restrictive’ configu-
ration (Supplementary Figure S1G). Interestingly, however,
this phenotype was not observed at the his2 Tus/Ter barrier
(Figure 2B, lower panel; Supplementary Figure S1F), sug-
gesting that loss of Esc2 enhances mutagenesis selectively
at a Tus/Ter-stalled fork in a telomeric region. Short telom-
eres and collapsed replication forks can be targeted to nu-
clear pore complexes (NPCs) for repair (32). Since the NPC
component, NUP84, was also a hit in our screen, we inves-
tigated whether the specificity of Esc2 for TEL06R might
be explained by alterations in the repair of stalled forks
at NPCs. Because such repair involves the SUMO-targeted
ubiquitin ligase, Slx5/8 (33,34), we also analysed a slx8mu-
tant. However, upon re-testing the nup84 and slx8mutants,
we observed that the Tus-induced mutation frequency was
only modestly enhanced and that these mutants behaved
similarly to WT cells (Supplementary Figure S2A). Hence,
nup84 was a false-positive hit in our screen, and the study
of these mutants was not pursued further.
To determine if this esc2mutant phenotype is dependent
upon disruption of the native TEL06R X-element, we en-
gineered strains with the URA3-21xTer cassette integrated
adjacent to, rather than within, the TEL06R X-element.
In this strain, we also inactivated the ARS610 replication
origin located within the TEL06R X-element (henceforth
referred to as the ARS610Δ Tus/Ter barrier) to ensure
that forks originating from this origin could not rescue any
ARS607-derived stalled forks at the Tus/Ter barrier (Sup-
plementary Figure S2B). Similar to the TEL06R Tus/Ter
barrier with a disrupted X-element, we observed that in-
duction of the ARS610Δ Tus/Ter barrier caused elevated
URA3 mutagenesis when ESC2 was deleted (or SGS1 as a
control; Supplementary Figure S2B). Therefore, Esc2 coun-
teracts mutagenesis when a replication fork stalls within a
region of TEL06R that is not confined solely to the very ter-
minal regions of the chromosome.
To test if the observed phenotype was specific for
TEL06R, we also compared the effects of engineering a
URA3-21xTus/Ter barrier into a second telomere; TEL07L
(Supplementary Figure S2C). In this case, we observed a
higher background (i.e. Tus-independent) rate of resistance
to 5-FOA inWT strains (Supplementary Figure S2C, lower
panel). This background mutagenesis was less pronounced
in the esc2 mutant, likely reflecting telomere-specific dif-
ferences in the ‘telomere position effect’ whereby telomeres
can induce silencing of an adjacent gene (31,35). Neverthe-
less, induction of the TEL07L Tus/Ter barrier further in-
creased the frequency of URA3, but not CAN1 mutagen-
esis in an esc2 mutant (Supplementary Figure S2C, lower
panel). This suggests that Esc2 also normally counteracts
replication-associated mutagenesis at the TEL07L Tus/Ter
barrier. Taken together, we propose that Esc2 plays a gen-
eral role in preventing mutations arising at a stalled replica-
tion fork in telomeric regions.
Esc2 prevents abnormal DNA structures arising at the
TEL06R Tus/Ter barrier
Using 2DGE, we demonstrated previously that Tus/Ter-
induced replication fork stalling leads to the generation
of abnormal ‘X-shaped’ DNA structures in sgs1 mutants,
which are indicative of unprocessed HR intermediates
(13,14). To visualize replication intermediates arising at the
TEL06R Tus/Ter barrier, WT, sgs1 and esc2 strains were
released from G1 arrest, and the terminal TEL06R restric-
tion fragment was analysed in each strain by 2DGE at 50
and 75 min after G1 release (Figure 2C). We observed that
pronounced replication fork stalling was detectable at the
TEL06R Tus/Ter barrier in all strains at both time points,
despite the fact that bulk genome duplication was largely
completed at these time points (Figure 2C, top and middle
panels). This observation is consistent with the TEL06R lo-
cus being one of the last regions of the genome to be repli-
cated (24). As expected, we observed that sgs1 mutants ac-
cumulated X-DNA at the TEL06R Tus/Ter barrier (Figure
2C). Interestingly, X-DNA was also detectable in the esc2
mutant, which became more pronounced in intensity at the
later time point (75 min) (Figure 2C).
Esc2 counteracts aberrant HR
Because Esc2 normally suppresses the accumulation of un-
resolved X-DNA at damaged replication forks (27,30), we
investigated the role ofHR factors in the Tus-inducedmuta-
genesis atTEL06R. In agreement with previous results (36),
we observed that deletion of RAD51 or RAD52 caused an
increase in spontaneous mutagenesis (at both URA3 and
CAN1), and that induction of the Tus/Ter barrier caused
a modest additional increase in URA3mutagenesis (Figure
3A and Supplementary Figure S3A–C). However, when the
Tus/Ter barrier was induced in either rad51 esc2 or rad52
esc2 double mutants, there was no significant increase in
the overall frequency of 5-FOA resistant colonies as com-
pared to that observed in the rad51 or rad52 single mu-
tants (Figure 3A and Supplementary Figure S3A–C and
E). There was also no significant increase in replication
fork stalling-associated (Tus-induced) URA3 mutagenesis
in the esc2 rad52 double mutant, as compared to the re-
spective esc2 and rad52 single mutants. This indicates an
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Figure 2. Esc2 suppressesURA3mutagenesis and X-DNA formation at the TEL06R Tus/Ter barrier. (A) Summary of the genome-wide screen set-up (see
Supplementary Figure S1C and ‘Materials and Methods’ for details). (B) The effect of ESC2 gene deletion on URA3 mutagenesis at the TEL06R (top)
and his2 (bottom) Tus/Ter barriers. Data were analysed as described in Figure 1C.(C) WT, sgs1 and esc2mutants harbouring the TEL06R Tus/Ter barrier
were released from G1-arrest following induction of Tus. Genomic DNA was extracted at the indicated time points, and NheI-telomere fragments were
analysed by 2DGE using a TEL06R-specific probe. The white arrowhead indicates replication fork stalling at the Tus/Ter barrier. Black arrows indicate
unprocessed X-shaped DNA in sgs1 and esc2 mutants. Cell cycle profiles and quantification of the intensity of X-shaped DNA relative to that of the
Tus-induced replication fork blocking spot are shown below. Quantifications were performed for three independent experiments, and error bars represent
the standard deviation.
epistatic relationship between esc2 and rad52 in this assay
(Figure 3A and Supplementary Figure S3D). As a conse-
quence, the Tus-induced fold increase in URA3 mutation
rate in esc2 cells was suppressed significantly by deletion
ofRAD52 (Supplementary Figure S3E). Furthermore, dele-
tion of RAD52 in the esc2 background also suppressed the
accumulation of X-DNA at the TEL06R Tus/Ter barrier
that is normally observed in an esc2 single mutant (Figure
3B). Therefore, we propose that loss of HR suppresses the
elevated TEL06R Tus/Ter-induced mutagenesis, and accu-
mulation of aberrant HR intermediates, in esc2 mutants.
This could indicate that Esc2 acts in or regulates an HR
pathway employed at stalled replication forks within telom-
eric DNA to limit the accumulation of recombination inter-
mediates. Because Rad59-dependent break-induced repli-
cation is a mechanism by which yeast can perform recombi-
national telomere elongation (37), we also investigated the
effects of deletingRAD59. However, deletion ofRAD59 did
not suppress the elevated Tus/Ter mutagenesis in esc2 mu-
tants (Supplementary Figure S3A, bottom panel).
Our previous findings indicated that Tus/Ter-induced
mutations at the his2 14xTus/Ter barrier are dependent on
Shu1 and Exo1 (15). We therefore examined if this was also
the case for the TEL06R 21xTus/Ter barrier. We observed
that deletion of SHU1 or EXO1 produced the expected
spontaneous mutator phenotypes (Figure 3C and Supple-
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Figure 3. The mutagenesis and X-DNA accumulation in esc2 mutants is
dependent on HR. (A) The effect of deletion of RAD52 on URA3 muta-
genesis at the TEL06R Tus/Ter barrier in an esc2 mutant. URA3 muta-
tion rates were measured for the indicated strains harbouring the TEL06R
Tus/Ter barrier. Data were analysed as described in Figure 1C. (B) Dele-
tion of RAD52 suppresses accumulation of X-shaped DNA in esc2 mu-
tants. Genomic DNA was extracted at 75′ after G1 release, and BspHI-
telomere fragments were analysed by 2DGE and Southern blotting using
URA3- and TEL06R-specific probes (two probes together). The black ar-
row indicates unprocessed X-DNA in the esc2 mutant. Cell cycle profiles
and quantification of the intensity of X-shaped DNA relative to that of
the Tus-induced replication fork blocking spot are shown below. Quan-
tifications were performed for three independent experiments, and error
bars represent the standard deviation. (C) The effect of deletion of SHU1
or EXO1 onURA3mutagenesis at the TEL06R Tus/Ter barrier in an esc2
mutant.URA3mutation rates were measured for the indicated strains har-
bouring the TEL06R Tus/Ter barrier. Data were analysed as described in
Figure 1C.
mentary Figure S3F) (36,38), as well as a small increase
in Tus/Ter-induced mutagenesis (Figure 3C). However, this
phenotype was less pronounced than that observed in WT
cells when assessing fold increase in mutation rates (Fig-
ure 3C and Supplementary Figure S3G). We also observed
that deletion of EXO1 or SHU1 significantly reduced the
rate of Tus-induced URA3 mutagenesis in the esc2 mutant
(from 13-fold to <3-fold) (Figure 3C and Supplementary
Figure S3G and H). Taken together, we propose that Esc2
counteractsmutations that arise due to aberrantHR follow-
ing replication fork perturbation in a telomeric region and
that these mutagenic events are at least partially dependent
on Shu1 and Exo1.
Esc2 limits truncations arising in a telomeric region following
replication fork stalling
To analyse the types of ura3 mutations induced by replica-
tion fork arrest at TEL06R Tus/Ter, we extracted genomic
DNA from 45 WT and 48 esc2 5-FOA resistant clones. For
each of the clones, we performed Southern blot analysis to
probe the integrity of the chromosome VI arm (Figure 4A
and B; Supplementary Figure S4A). In WT cells, we ob-
served that 7 of the 45 clones exhibited apparent loss of
the terminal 6.7 kb EcoNI fragment detected by probe 1,
while fragment 2 in most cases was reduced in size and only
detected by probe 2 (Figure 4B and Supplementary Figure
S4A). This suggests that complex genome rearrangements
can occur outside of the URA3-21xTermodule (henceforth
defined as ‘large structural rearrangements’ or LSRs) fol-
lowing fork stalling in WT cells. The remainder of the WT
clones (38 of 45) exhibited either a smaller deletion in frag-
ment 1, or else no detectable change in restriction frag-
ment size when using this assay. Using amodified ‘telomere-
tailing’ assay to amplify the terminal ∼2.5 kb TEL06R re-
gion, we were able to detect mutations by DNA sequencing
in the majority of those remaining 38 clones. In cases where
the ‘telomere-tailing’ and sequencing procedure failed to
give a clear result, the mutation was designated as ‘unas-
signed’ (3 clones) (Figure 5A and B). The sequencing re-
sults allowed us to unequivocally assign mutation types as
either base errors (22 clones), 22-147-bp deletions inURA3
(with retention of the Ter sites; 5 clones), or truncations (7
clones) (Figure 5A–C). The latter class appear as ∼1.2 kb
deletions in fragment 1 using the restriction digest mapping
assay (Figure 4B and Supplementary Figure S4A) and com-
prise at least four different events in which theTer array was
lost and new telomeric sequence appears within the URA3
ORF (Figure 5C and D).
Even though the proportion of mutations assigned as
base errors wasmuch lower in esc2 than inWT cells, the spe-
cific base error mutagenesis rates were very similar (Figure
5B). However, in contrast to what was observed inWT cells,
truncations comprised the vast majority of mutation types
in the esc2 mutant (29 of the 48 clones analysed) (Figure
4B; Supplementary Figure S4A; Figure 5A and B). Indeed,
the rate of truncation mutagenesis was 21-fold higher in the
esc2 mutant than in the WT cells (10.9 × 10−7 in esc2, as
compared to 0.5 × 10−7 in WT; Figure 5B), suggesting that
Esc2 normally prevents this specific type of mutation from
arising at the TEL06R Tus/Ter barrier. The remainder of
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Figure 4. Replication fork stalling at theTEL06RTus/Ter barrier triggers heterogeneous types of mutations. (A) Schematic illustratingTEL06R restriction
fragments analysed by 1DGE (not drawn to scale). Dashed vertical lines indicate restriction enzyme sites. Probe 1 detects fragments 1 and 2. Probe 2 detects
fragments 2 and 3. The positions of URA3 and the Tus/Ter barrier as well as the size of the restriction fragments are indicated. (B) DNA was extracted
from individual 5-FOA resistant clones and AfeI-SalI-EcoNI TEL06R fragments were analysed by 1DGE. Restriction fragments were visualized using
either probe 1 (left panel) or probe 2 (right panel). WT clones are shown at the top and esc2 clones at the bottom. Markers (in kilobases in red text) are
indicated on the leftmost portion of each gel. C represents non-mutated, WT restricted DNA (yielding ‘Fragment 2’ (11 kb) and ‘Fragment 1’ (6.7 kb
+ telomeric repeats) for probe 1. The corresponding fragments for probe 2 are ‘Fragment 2’ (11 kb) and ‘Fragment 3’ (4.7 kb). The asterisk denotes a
non-specific band detected in all samples with probe 2. Note that with probe 1, the lower of the two bands (Fragment 1) in most esc2 clones is smaller than
that in WT clones.
the mutation types in esc2 mutants were either large struc-
tural rearrangements (5 clones), base errors (3 clones) or
116-1125-bp deletions in URA3 (that retained the Ter sites;
4 clones) (Figure 5A and B). DNA sequencing of 29 trun-
cation events in esc2mutants revealed 9 distinct truncation
positions (Figure 5D). Nevertheless, 16 of these truncations
exhibited an identical position (located 301 bp from the first
Ter site), which contains a putative telomere seed sequence,
suggesting a strong bias for chromosomal truncations at
this site in esc2 mutants accompanied by de novo telom-
ere addition (Figure 5D and Supplementary Figure S4B).
Taken together, we propose that DNA replication stress in a
late-replicating telomeric region can generate various types
of genome rearrangements, including large structural rear-
rangements, deletions and chromosomal truncations. Fur-
thermore, chromosomal truncations are the predominant
class of Tus/Ter-induced mutations in esc2 mutants, sug-
gesting that Esc2 strongly counteracts the mutagenic pro-
cesses that lead to telomere-proximal truncations.
Loss of Mph1 or Rad52 suppresses aberrant HR at a telom-
eric stalled fork in esc2 mutants
Previous reports have suggested a role for Esc2 in regulat-
ing the activity of the Mph1 helicase at sites of DNA dam-
age (27,39). We therefore investigated whether deletion of
MPH1 might influence telomere instability resulting from
replication fork arrest in esc2mutants. Consistent with pre-
vious studies, we observed that the background frequency
of mutations was elevated in a mph1 mutant (Figure 6A
and Supplementary Figure S4C) (40). However, the Tus-
induced mutagenesis normally observed in esc2 cells was
significantly suppressed byMPH1 deletion (Figure 6A and
Supplementary Figure S4D and E). Moreover, the persis-
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Figure 5. esc2 mutants accumulate ‘truncations’ at the TEL06R Tus/Ter barrier. (A) Mutation types were identified at the TEL06R barrier in WT (left)
and esc2 (right) strains. Pie charts indicate the relative proportions of mutation types, as indicated in the key below. Data were obtained by restriction digest
analysis and telomere tailing/sequencing. (B) The specific mutation rate for individual types of mutations was calculated. n = number of times a specific
mutation type was observed. Colour coding corresponds to pie chart in (A). (C) Schematic illustration of the mutation types (base errors, deletions within
URA3 and URA3 truncations) identified by sequencing. (D) A specific type of chromosomal truncation is prevalent in esc2mutants upon replication fork
stalling at a telomere. Table showing the position (within theURA3ORF) from where DNA sequence is lost and the number of clones displaying the given
truncation. Data were obtained by telomere tailing and DNA sequencing. Black sequence is retained, whereas red sequence is lost. Note that 16 of 29 esc2
clones show an identical breakpoint (indicated by a black box).
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Figure 6. Abnormalities in esc2 strains are suppressed by deletion ofMPH1. (A) Deletion ofMPH1 suppressesURA3mutagenesis at theTEL06RTus/Ter
barrier. Data were analysed as described in Figure 1C. (B) Deletion ofMPH1 suppresses accumulation of X-shaped DNA in esc2mutants. Genomic DNA
was extracted at 75′ after G1 release, and BspHI-telomere fragments were analysed by 2DGE and Southern blotting using URA3- and TEL06R-specific
probes (two probes together). The black arrow indicates unprocessed X-DNA in the esc2 mutant. Cell cycle profiles and quantification of the intensity
of X-shaped DNA relative to that of the blocking spot are shown below. Quantifications were performed for three independent experiments, and error
bars represent the standard deviation. (C) DNA was extracted from individual 5-FOA resistant clones and SalI-EcoNI TEL06R fragments were analysed
by 1DGE using probe 1 shown in Figure 4A. WT and esc2 clones are shown in the upper panels, while esc2 mph1 clones are shown in the lower panels.
Markers (in kilobases) are as shown in Figure 4B. (D) Mutation types were identified at the TEL06R barrier in the mph1 (right) and esc2 mph1 (left)
mutant. The pie charts indicate the relative proportions of mutation types, as indicated in the key below. Data were obtained by restriction digest analysis
and telomere tailing/sequencing. (E) The specific mutation rate for individual types of mutations was calculated. n = number of times a specific mutation
type was observed. Colour coding corresponds to pie chart in (D).
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tence of X-shaped DNA at the Tus/Ter barrier in esc2 cells
was strongly reduced when Mph1 was absent (Figure 6B),
as was the high rate of truncations characteristic of esc2
mutants (Figure 6C–E and Supplementary Figure S4F). In
mph1 cells, base errors were the most frequent type of mu-
tation, and the base error rate was highly similar for mph1
andmph1 esc2 strains (Figure 6D and E). The frequency of
large structural rearrangements was higher in the esc2 mph1
double mutant than inWT or either of the esc2 ormph1 sin-
gle mutants, but all of the rearrangements resembled those
seen in WT cells with loss of fragment 1 (Figure 6C and
Supplementary Figure S4F).
We also investigated how the mutation spectrum in an
esc2mutant was influenced by deletion of RAD52. As with
deletion ofMPH1, we observed that the characteristic high
level ofURA3 truncation events in esc2 cells was suppressed
by deletion of RAD52. Indeed, the mutation spectra for the
rad52 and esc2 rad52 mutants were highly similar, with the
majority of mutations being base changes in URA3 (Sup-
plementary Figure S5A). In the rad52 and esc2 rad52 mu-
tants, even though not very frequent, we observed a type of
mutation that was not detected inWTor esc2 cells. Thismu-
tation type consisted of more than one base error within an
eight base-pair region and was termed ‘complex’ (Supple-
mentary Figure S5A). Taken together, these data indicate
that elevated chromosomal truncations arising in esc2 mu-
tants are due to the aberrant activity of Mph1 and the HR
machinery at a telomeric stalled replication fork.
Srs2 influences HR pathways at stalled telomeric replication
forks
Esc2 was shown previously to facilitate recombination-
mediated DNA damage tolerance by allowing optimal
recruitment of Rad51 to sites of damage by promoting
turnover of the ‘anti-recombinase’, Srs2 (29). To assess
whether the phenotypes observed at the TEL06R barrier
were regulated by Srs2, we determined the URA3mutation
rate at theTEL06R and his2Tus/Ter barriers in srs2mutant
cells. Fluctuation tests showed that loss of SRS2 resulted in
an increase in URA3 mutation rate at TEL06R compared
to that seen in WT cells, an effect that was absent at the
his2 barrier (Supplementary Figure S5B). However, when
we investigated the mutation spectrum, we found that the
predominant mutation types in srs2 cells at the TEL06R
Tus/Ter barrier were base errors and deletionswithinURA3
(Supplementary Figure S5C). In contrast to what was seen
in WT or esc2 mutants, we did not detect any URA3 trun-
cations in the srs2 mutant (Supplementary Figure S5C).
Taken together, our data might suggest that Srs2 activity is
involved in determining whichHR sub-pathway is deployed
at a telomeric stalled fork. In the absence of Srs2, HR is
known to be dysregulated, but in our system this does not
lead to an elevated frequency of truncations at the TEL06R
Tus/Ter barrier. Instead, loss of Srs2 selectively leads to
an increase in deletions arising behind the telomeric stalled
fork. Due to a synthetic growth defect of the esc2 srs2 dou-
ble mutant, it was not possible to examine the phenotype of
this double mutant in our study.
DISCUSSION
In this study, we analysed the consequences of DNA repli-
cation fork stalling in a telomeric region (TEL06R) through
the use of the genetically tractable Tus/Ter barrier (13,14).
We have demonstrated that this telomeric Tus/Ter barrier
can induce pronounced mutagenesis, which is associated
with at least three distinct types of chromosomal rearrange-
ments: (i) large structural rearrangements (which can ex-
tend to over many kilobases in some cases), (ii) localized
deletions in the ∼1 kb region behind the stalled replica-
tion fork and (iii) chromosomal truncations followed by
telomeric sequence. Two features of a telomere may pre-
dispose to these types of genome rearrangements follow-
ing replication fork arrest. First, the telomeric Tus/Ter con-
struct was engineered to ensure that no downstream origin
could be activated to rescue the stalled replication fork. Sec-
ond, the TEL06R locus is one of the very last regions of
the genome to be replicated (24). Therefore, any unresolved
DNA replication/HR intermediatesmay be carried intomi-
tosis, and be subjected to the physical forces of the mitotic
spindle (41). Indeed, this latter consideration might explain
how at least some of the large structural rearrangements
arise. To counteract these challenges, we propose that cells
utilize specific mechanisms to regulate telomere DNA repli-
cation and recombination, thus ensuring optimal telomere
stability.
We performed a genome-wide screen to identify factors
that protect against replication-induced mutagenesis, and
identified a number of proteins that counteract mutagen-
esis when DNA replication stress occurs in a telomeric re-
gion. In particular, we identified Esc2 as an ‘anti-mutagenic’
factor in the screen, and confirmed that loss of this protein
significantly enhances mutagenesis at the TEL06R Tus/Ter
barrier. Esc2 is an evolutionarily conserved SUMO-like do-
main protein (26), which functions in the DNA replica-
tion stress response, HR repair, and establishment of telom-
eric chromatin architecture (27–31). Interestingly, however,
the anti-mutagenic effects of Esc2 are only evident at the
telomeric Tus/Ter barrier, suggesting that the combined
loss of Esc2’s ability to regulate repair of damaged repli-
cation forks and maintain telomeric chromatin architec-
ture lead to effects that are much more pronounced within
telomeric DNA. Further characterization of this phenotype
revealed that chromosomal truncations are the most promi-
nent Tus/Ter-induced mutation type occurring in esc2 mu-
tants, indicating that Esc2 has a specialized role in prevent-
ing these events at telomeric loci following DNA replica-
tion stress. It is possible that the role of Esc2 in suppressing
truncations at non-telomeric loci may be equally important.
However, since the types of truncations seen at TEL06R
might be lethal at his2 due to loss of essential genes, we
would be unable to score this type of mutation in our assays.
In this context, it would appear unlikely that mutants with
elevated levels of Tus-inducedmutagenesis at bothTEL06R
and his2, such as sgs1, would phenocopy the strong bias for
chromosomal truncations observed in esc2 mutants.
Given that Esc2 is a SUMO-like RENi protein that
lacks any detectable enzymatic activity, it likely functions
as an adaptor protein that regulates the activity of other
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Figure 7. Model for repair of a telomeric stalled replication fork. A replication fork is stalled at the Tus/Ter barrier (top). Resection of the lagging strand
followed by DNA replication resumption would leave a ssDNA gap behind the fork (depicted on the left). The gap can be filled by post-replicative HRme-
diated by the Rad51 and Rad52 proteins amongst others. Deletions may arise via non-allelic HR repair of the ssDNA gap, in a process that is counteracted
by Sgs1’s ability to disrupt aberrant strand invasion events. Alternatively, extended or prolonged fork regression might occur that is mediated by Mph1
(depicted on the right). Binding of Telomerase and the addition of telomeric repeats to the regressed fork could create a recombinogenic substrate that
engages in HR with the telomeric repeats downstream of the Ter sites. Resolution of this HR intermediate would result in the observed telomere-proximal
truncations observed in esc2 mutants. Large structural rearrangements could arise if unresolved HR intermediates are carried into mitosis and undergo
chromosome breakage. Loss of Esc2 is proposed to lead to dysregulation ofMph1 activity, resulting in more extensive fork regression. Srs2 might normally
serve to prevent HR intermediates from being processed correctly, with the result that srs2 cells funnel intermediates preferentially down the left branch of
the pathway.
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key DNA-metabolizing enzymes either directly or through
binding to branched DNA structures (29). Candidate pro-
teins that cooperate with Esc2 directly at telomeric stalled
forks include Srs2 and Mph1. Indeed, loss of Srs2 caused
dysregulated HR at the TEL06R barrier, as well as an al-
tered mutation spectrum compared to that observed in ei-
ther WT or esc2 mutants. This observation is consistent
with the proposed role for Esc2 in regulating Srs2 anti-
recombinase activity at stalled forks (29). However, it is
clear that a loss of regulation of Srs2 per se cannot fully
explain the range of phenotypes that we observe in an esc2
mutant; most notably, because esc2 and srs2 mutants dis-
play very different Tus-inducedmutation spectra. The other
candidate examined in this study was Mph1, which pro-
cesses distinct types of HR intermediates (e.g. regressed
forks and D-loops) following DNA damage (27,31,42). Be-
cause Tus/Ter-inducedmutagenesis atTEL06R in esc2 cells
is Mph1-dependent, and deletion of MPH1 eliminates the
associated accumulation of HR-derived X-DNA, we pro-
pose that chromosomal truncations at the TEL06R bar-
rier most likely arise due to dysregulated Mph1 activity at
this stalled replication fork. It was recently demonstrated
that negative regulation of Mph1 is important for cells to
avoid an accumulation of toxic HR intermediates generated
by uncontrolled fork reversal/regression (43,44). This pro-
posal is consistent with our observation that the elimination
of HR andMph1 suppresses chromosomal truncations and
X-DNA in esc2 mutants. Mph1 can also promote telomere
uncapping and the accumulation of single-stranded DNA
(ssDNA) at telomeres when overexpressed in the absence
of Telomerase (45). Hence, to maintain stable telomeres,
Mph1 must be tightly regulated. We therefore propose a
model (Figure 7) that is consistent with the previous and
current data whereby Mph1 promotes the regression of the
replication fork stalled at the telomeric Tus/Ter barrier, and
that Esc2 regulates this process. InWT cells, fork regression
is restrained optimally. In contrast, we propose that unre-
strained fork regression occurring in the absence of Esc2
allows telomerase to gain access to the exposed DNA end
of the regressed fork, and hence add telomeric TG repeats
(Figure 7, right pathway). This would subsequently create a
substrate able to engage in HR with the native TG repeats
downstream of the Ter sites, and thereby drive formation
of the observed truncations. Consistent with this model is
the finding that a strong hotspot for truncation mutations
is seen in esc2 mutants. The sequence context in which this
hotspot is embedded is notable for being highly enriched
in TG residues (Supplementary Figure S4B), which offers
the potential for preferential association with Telomerase.
However, the TG-rich nature of this hotspot might in it-
self be sufficient to directly promote HR with the telom-
eric DNA.An alternativemodel would be that the regressed
fork is subjected to cleavage by a nuclease, followed by de
novo telomere addition to generate truncations. Esc2 has
been reported to interact with and stimulate the activity
of the Mus81 endonuclease (46). Loss of Mus81 regula-
tion could potentially promote uncontrolled cleavage of re-
gressed replication forks. If this latter scenario were true,
it would suggest the involvement of the HR machinery di-
rectly at the stalled fork,most likely through promoting fork
regression. It would be interesting in the future to identify
mutations that disrupt the interaction between Esc2 and
Mus81, and determine how they influence the rate of Tus-
induced truncation mutagenesis.
Several reported activities of Esc2 may be relevant to
the telomere instability that we have observed in this study.
First, Esc2 interacts with Sir2 (31), which is highly en-
riched at telomeric chromatin (47). Second, many proteins
are SUMOylated in the context of replication stress (48)
and Esc2 physically interacts with Ubc9 and SUMO (30),
suggesting that Esc2 could respond to stalled replication
by binding to SUMOylated proteins at the fork. In this
context, it is interesting to note that Esc2 promotes an ac-
cumulation of SUMOylated substrates of the SUMO lig-
ase (Mms21) within the Smc5/6 complex, and cooperates
with Mms21 to suppress gross chromosomal rearrange-
ments (28), possibly through a mechanism that involves the
ability of the Smc5–Smc6 complex to block fork regression
by Mph1 (28,44,49–50). Finally, short telomeres and col-
lapsed replication forks can be targeted to the NPCs for re-
pair (32). Even though the nup84 and slx8 mutants did not
give a clear mutagenic phenotype in our strain background,
it remains a possibility that the role of Esc2 at stalled forks
in telomeric loci is conducted in the context of NPCs.
Our findings link DNA replication stress and HR repair,
and therefore further analysis of the TEL06R Tus/Ter bar-
rier could lead to a better understanding of how these bio-
logical processes cooperate to promote telomere stability. In
future studies, it will be of interest to examine the potential
telomeric roles of NIP45 (an Esc2 homologue) in human
cell lines. The roles of NIP45 are poorly characterized and
have focussed largely on putative roles in immune cell tran-
scription (51,52). Future studies should investigate the con-
sequences of impairing the function of NIP45 on telomere
stability in both telomerase-positive and ALT-maintained
cancer cell lines.
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Supplementary Data are available at NAR Online.
ACKNOWLEDGEMENTS
We thankmembers of the Center for Chromosome Stability
for helpful discussions, and Ying Liu and Kata Sarlos for
critical reading of the manuscript.
Author Contributions: All authors designed research and
analysed data; S.W.J., S.E.L., N.B.L., M.L. and H.W.M
performed research and contributed new reagents; S.W.J.,
H.W.M. and I.D.H. wrote the paper, and all authors edited
it.
FUNDING
Danish National Research Foundation [DNRF115];
Nordea Foundation; Novo Nordisk Foundation; Euro-
pean Research Council; S.W.J. gratefully acknowledges
Dagmar Marshalls Fond, and Agnes og Poul Friis Fond
for support. Funding for open access charge: Danmarks
Grundforskningsfond.
Conflict of interest statement.None declared.
D
ow
nloaded from
 https://academ
ic.oup.com
/nar/article-abstract/47/9/4597/5369941 by R
oyal Library C
openhagen U
niversity user on 02 Septem
ber 2019
4610 Nucleic Acids Research, 2019, Vol. 47, No. 9
REFERENCES
1. Macheret,M. and Halazonetis,T.D. (2015) DNA replication stress as
a hallmark of cancer. Annu. Rev. Pathol., 10, 425–448.
2. Blumenfeld,B., Ben-Zimra,M. and Simon,I. (2017) Perturbations in
the replication program contribute to genomic instability in cancer.
Int. J. Mol. Sci., 18, E1138.
3. Martinez,P. and Blasco,M.A. (2015) Replicating through telomeres:
a means to an end. Trends Biochem. Sci., 40, 504–515.
4. Lambert,S. and Carr,A.M. (2013) Impediments to replication fork
movement: stabilisation, reactivation and genome instability.
Chromosoma, 122, 33–45.
5. Gaillard,H., Garcia-Muse,T. and Aguilera,A. (2015) Replication
stress and cancer. Nat. Rev. Cancer, 15, 276–289.
6. Maicher,A., Kastner,L., Dees,M. and Luke,B. (2012) Deregulated
telomere transcription causes replication-dependent telomere
shortening and promotes cellular senescence. Nucleic Acids Res., 40,
6649–6659.
7. Martinez,P. and Blasco,M.A. (2017) Telomere-driven diseases and
telomere-targeting therapies. J. Cell Biol., 216, 875–887.
8. van Deursen,J.M. (2014) The role of senescent cells in ageing.
Nature, 509, 439–446.
9. Lopez-Otin,C., Blasco,M.A., Partridge,L., Serrano,M. and
Kroemer,G. (2013) The hallmarks of aging. Cell, 153, 1194–1217.
10. Maciejowski,J. and de Lange,T. (2017) Telomeres in cancer: tumour
suppression and genome instability. Nat. Rev. Mol. Cell Biol., 18,
175–186.
11. Kim,N.W., Piatyszek,M.A., Prowse,K.R., Harley,C.B., West,M.D.,
Ho,P.L.C., Coviello,G.M., Wright,W.E., Weinrich,S.L. and Shay,J.W.
(1994) Specific association of human telomerase activity with
immortal cells and cancer. Science, 266, 2011–2015.
12. Heaphy,C.M., Subhawong,A.P., Hong,S.M., Goggins,M.G.,
Montgomery,E.A., Gabrielson,E., Netto,G.J., Epstein,J.I.,
Lotan,T.L., Westra,W.H. et al. (2011) Prevalence of the alternative
lengthening of telomeres telomere maintenance mechanism in
human cancer subtypes. Am. J. Pathol., 179, 1608–1615.
13. Larsen,N.B., Hickson,I.D. and Mankouri,H.W. (2014) Tus-Ter as a
tool to study site-specific DNA replication perturbation in
eukaryotes. Cell Cycle, 13, 2994–2998.
14. Larsen,N.B., Sass,E., Suski,C., Mankouri,H.W. and Hickson,I.D.
(2014) The Escherichia coli Tus-Ter replication fork barrier causes
site-specific DNA replication perturbation in yeast. Nat. Commun.,
5, 3574.
15. Larsen,N.B., Liberti,S.E., Vogel,I., Jorgensen,S.W., Hickson,I.D. and
Mankouri,H.W. (2017) Stalled replication forks generate a distinct
mutational signature in yeast. Proc. Natl. Acad. Sci. U.S.A., 114,
9665–9670.
16. Croteau,D.L., Popuri,V., Opresko,P.L. and Bohr,V.A. (2014) Human
RecQ helicases in DNA repair, recombination, and replication.
Annu. Rev. Biochem., 83, 519–552.
17. Larsen,N.B., Hickson,I.D. and Mankouri,H.W. (2018) A molecular
toolbox to engineer site-specific DNA replication perturbation. In:
Muzi-Falconi,M and Brown,G (eds). Genome Instability. Methods in
Molecular Biology. Humana Press, NY, Vol. 1672, pp. 295–309.
18. Tong,A.H.Y., Evangelista,M., Parsons,A.B., Xu,H., Bader,G.D.,
Pagee´,N., Robinson,M., Raghibizadeh,S., Hogue,C.W.V., Bussey,H.
et al. (2001) Systematic genetic analysis with ordered arrays of yeast
deletion mutants. Science, 294, 2364–2368.
19. Winzeler,E.A., Shoemaker,D.D., Astromoff,A., Liang,H.,
Anderson,K., Andre,B., Bangham,R., Benito,R., Boeke,J.D.,
Bussey,H. et al. (1999) Functional characterization of the S.
cerevisiae genome by gene deletion and parallel analysis. Science,
285, 901–906.
20. Drake,J.W. (1991) A constant rate of spontaneous mutation in
DNA-Based microbes. Proc. Natl. Acad. Sci. U.S.A., 88, 7160–7164.
21. Lujan,S.A., Williams,J.S., Pursell,Z.F., Abdulovic-Cui,A.A.,
Clark,A.B., Nick McElhinny,S.A. and Kunkel,T.A. (2012) Mismatch
repair balances leading and lagging strand DNA replication fidelity.
PLoS Genet., 8, e1003016.
22. Mangahas,J.L., Alexander,M.K., Sandell,L.L. and Zakian,V.A.
(2001) Repair of chromosome ends after telomere loss in
Saccharomyces.Mol. Biol. Cell, 12, 4078–4089.
23. Raghuraman,M.K., Winzeler,E.A., Collingwood,D., Hunt,S.,
Wodicka,L., Conway,A., Lockhart,D.J., Davis,R.W., Brewer,B.J. and
Fangman,W.L. (2001) Replication dynamics of the yeast genome.
Science, 294, 115–121.
24. Muller,C.A., Hawkins,M., Retkute,R., Malla,S., Wilson,R.,
Blythe,M.J., Nakato,R., Komata,M., Shirahige,K., de Moura,A.P.
et al. (2014) The dynamics of genome replication using deep
sequencing. Nucleic Acids Res., 42, e3.
25. Liberi,G., Cotta-Ramusino,C., Lopes,M., Sogo,J., Conti,C.,
Bensimon,A. and Foiani,M. (2006) Methods to study replication
fork collapse in budding yeast.Methods Enzymol., 409, 442–462.
26. Novatchkova,M., Bachmair,A., Eisenhaber,B. and Eisenhaber,F.
(2005) Proteins with two SUMO-like domains in
chromatin-associated complexes: the RENi (Rad60-Esc2-NIP45)
family. BMC Bioinformatics, 6, 22.
27. Mankouri,H.W., Ngo,H.-P. and Hickson,I.D. (2009) Esc2 and Sgs1
act in functionally distinct branches of the homologous
recombination repair pathway in saccharomyces cerevisiae.Mol.
Biol. Cell, 20, 1683–1694.
28. Albuquerque,C.P., Wang,G., Lee,N.S., Kolodner,R.D., Putnam,C.D.
and Zhou,H. (2013) Distinct SUMO ligases cooperate with Esc2 and
Slx5 to suppress duplication-mediated genome rearrangements.
PLoS Genet., 9, e1003670.
29. Urulangodi,M., Sebesta,M., Menolfi,D., Szakal,B., Sollier,J.,
Sisakova,A., Krejci,L. and Branzei,D. (2015) Local regulation of the
Srs2 helicase by the SUMO-like domain protein Esc2 promotes
recombination at sites of stalled replication. Genes Dev., 29,
2067–2080.
30. Sollier,J., Driscoll,R., Castellucci,F., Foiani,M., Jackson,S.P. and
Branzei,D. (2009) The Saccharomyces cerevisiae Esc2 and Smc5-6
proteins promote sister chromatid Junction-mediated Intra-S repair.
Mol. Biol. Cell, 20, 1671–1682.
31. Yu,Q., Kuzmiak,H., Olsen,L., Kulkarni,A., Fink,E., Zou,Y. and
Bi,X. (2010) Saccharomyces cerevisiae Esc2p interacts with Sir2p
through a small ubiquitin-like modifier (SUMO)-binding motif and
regulates transcriptionally silent chromatin in a locus-dependent
manner. J. Biol. Chem., 285, 7525–7536.
32. Khadaroo,B., Teixeira,M.T., Luciano,P., Eckert-Boulet,N.,
Germann,S.M., Simon,M.N., Gallina,I., Abdallah,P., Gilson,E.,
Geli,V. et al. (2009) The DNA damage response at eroded telomeres
and tethering to the nuclear pore complex. Nat. Cell Biol., 11,
980–987.
33. Mullen,J.R., Kaliraman,V., Ibrahim,S.S. and Brill,S.J. (2001)
Requirement for three novel protein complexes in the absence of the
Sgs1 DNA helicase in Saccharomyces cerevisiae. Genetics, 157,
103–118.
34. Zhang,C., Roberts,T.M., Yang,J., Desai,R. and Brown,G.W. (2006)
Suppression of genomic instability by SLX5 and SLX8 in
Saccharomyces cerevisiae. DNA Repair (Amst), 5, 336–346.
35. Tham,W.-H. and Zakian,V.A. (2002) Transcriptional silencing at
Saccharomyces telomeres: implications for other organisms.
Oncogene, 21, 512–521.
36. Huang,M.-E., Rio,A.-G.l., Nicolas,A. and Kolodner,R.D. (2003) A
genomewide screen in Saccharomyces cerevisiae for genes that
suppress the accumulation of mutations. Proc. Natl. Acad. Sci.
U.S.A., 100, 11529–11534.
37. Lue,N.F. and Yu,E.Y. (2017) Telomere recombination pathways:
tales of several unhappy marriages. Curr. Genet., 63, 401–409.
38. Tishkoff,D.X., Boerger,A.L., Bertrand,P., Filosi,N., Gaida,G.M.,
Kane,M.F. and Kolodner,R.D. (1997) Identification and
characterization of Saccharomyces cerevisiae EXO1, a gene encoding
an exonuclease that interacts with MSH2. Genetics, 94, 7487–7492.
39. Choi,K., Szakal,B., Chen,Y.-H., Branzei,D. and Zhao,X. (2010) The
Smc5/6 complex and Esc2 influence multiple replication-associated
recombination processes in Saccharomyces cerevisiae.Mol. Biol.
Cell, 21, 2306–2314.
40. Scheller,J., Schu¨rer,A., Rudolph,C., Hettwer,S. and Kramer,W.
(2000) MPH1, a yeast gene encoding a DEAH protein, plays a role in
protection of the genome from spontaneous and chemically induced
damage. Genetics, 155, 1069–1081.
41. Chan,Y.W., Fugger,K. and West,S.C. (2018) Unresolved
recombination intermediates lead to ultra-fine anaphase bridges,
chromosome breaks and aberrations. Nat. Cell Biol., 20, 92–103.
42. Zheng,X.F., Prakash,R., Saro,D., Longerich,S., Niu,H. and Sung,P.
(2011) Processing of DNA structures via DNA unwinding and
D
ow
nloaded from
 https://academ
ic.oup.com
/nar/article-abstract/47/9/4597/5369941 by R
oyal Library C
openhagen U
niversity user on 02 Septem
ber 2019
Nucleic Acids Research, 2019, Vol. 47, No. 9 4611
branch migration by the S. cerevisiae Mph1 protein. DNA Repair
(Amst), 10, 1034–1043.
43. Lafuente-Barquero,J., Luke-Glaser,S., Graf,M., Silva,S.,
Gomez-Gonzalez,B., Lockhart,A., Lisby,M., Aguilera,A. and
Luke,B. (2017) The Smc5/6 complex regulates the yeast Mph1
helicase at RNA-DNA hybrid-mediated DNA damage. PLoS Genet.,
13, e1007136.
44. Xue,X.Y., Choi,K.Y., Bonner,J., Chiba,T., Kwon,Y., Xu,Y.Y.,
Sanchez,H., Wyman,C., Niu,H.Y., Zhao,X.L. et al. (2014)
Restriction of replication fork regression activities by a conserved
SMC complex.Mol. Cell, 56, 436–445.
45. Luke-Glaser,S. and Luke,B. (2012) The Mph1 helicase can promote
telomere uncapping and premature senescence in budding yeast.
PLoS One, 7, e42028.
46. Sebesta,M., Urulangodi,M., Stefanovie,B., Szakal,B., Pacesa,M.,
Lisby,M., Branzei,D. and Krejci,L. (2017) Esc2 promotes Mus81
complex-activity via its SUMO-like and DNA binding domains.
Nucleic Acids Res., 45, 215–230.
47. Gotta,M., Strahl-Bolsinger,S., Renauld,H., Laroche,T.,
Kennedy,B.K., Grunstein,M. and Gasser,S.M. (1997) Localization
of Sir2p: the nucleolus as a compartment for silent information
regulators. EMBO J., 16, 3243–3255.
48. Psakhye,I. and Jentsch,S. (2012) Protein group modification and
synergy in the SUMO pathway as exemplified in DNA repair. Cell,
151, 807–820.
49. Chen,Y.H., Choi,K., Szakal,B., Arenz,J., Duan,X.Y., Ye,H.,
Branzei,D. and Zhao,X.L. (2009) Interplay between the Smc5/6
complex and the Mph1 helicase in recombinational repair. PNAS,
106, 21252–21257.
50. Xue,X.Y., Sung,P. and Zhao,X.L. (2015) Functions and regulation of
the multitasking FANCM family of DNA motor proteins. Genes
Dev., 29, 1777–1788.
51. Mowen,K.A., Schurter,B.T., Fathman,J.W., David,M. and
Glimcher,L.H. (2004) Arginine methylation of NIP45 modulates
cytokine gene expression in effector T lymphocytes.Mol. Cell, 15,
559–571.
52. Fathman,J.W., Gurish,M.F., Hemmers,S., Bonham,K., Friend,D.S.,
Grusby,M.J., Glimcher,L.H. and Mowen,K.A. (2010) NIP45
controls the magnitude of the type 2 T helper cell response. Proc.
Natl. Acad. Sci. U.S.A., 107, 3663–3668.
D
ow
nloaded from
 https://academ
ic.oup.com
/nar/article-abstract/47/9/4597/5369941 by R
oyal Library C
openhagen U
niversity user on 02 Septem
ber 2019
